Microplastics pollution is a global paradigm that raises concern in relation to environmental and human health. This study investigated toxic effects of microplastics and mercury in the European seabass (Dicentrarchus labrax), a marine fish widely used as food for humans. A short-term (96 h) laboratory bioassay was done by exposing juvenile fish to microplastics (0.26 and 0.69 mg/L), mercury (0.010 and 0.016 mg/L) and binary mixtures of the two substances using the same concentrations, through test media. Microplastics alone and mercury alone caused neurotoxicity through acetylcholinesterase (AChE) inhibition, increased lipid oxidation (LPO) in brain and muscle, and changed the activities of the energy-related enzymes lactate dehydrogenase (LDH) and isocitrate dehydrogenase (IDH). All the mixtures caused significant inhibition of brain AChE activity (64-76%), and significant increase of LPO levels in brain (2.9-3.4 fold) and muscle (2.2-2.9 fold) but not in a concentrationdependent manner; mixtures containing low and high concentrations of microplastics caused different effects on IDH and LDH activity. Mercury was found to accumulate in the brain and muscle, with bioaccumulation factors of 4-7 and 25-40, respectively. Moreover, in the analysis of mercury concentrations in both tissues, a significant interaction between mercury and microplastics was found. The decay of mercury in the water increased with microplastics concentration, and was higher in the presence of fish than in their absence. Overall, these results indicate that: microplastics influence the bioaccumulation of mercury by D. labrax juveniles; microplastics, mercury and their mixtures (ppb range concentrations) cause neurotoxicity, oxidative stress and damage, and changes in the activities of energy-related enzymes in juveniles of this species; mixtures with the lowest and highest concentrations of their components induced different effects on some biomarkers. These findings and other published in the literature raise concern regarding high level predators and humans consuming fish being exposed to microplastics and heavy metals, and highlight the need of more research on the topic.
Introduction
The presence of microplastics in the marine environment due to primary and secondary sources (e.g. pre-production pellets, synthetic textiles, cosmetics, fragmentation of plastic debris) has been reported worldwide (Barboza and Gimenez, 2015; Cózar et al., 2014; van Sebille et al., 2015) . Since these particles have been found to induce adverse effects in a considerable variety of organisms (e.g. Avio et al., 2015; Ferreira et al., 2016; Gall and Thompson, 2015; Ribeiro et al., 2017) , concerns regarding environmental, animal and human health exist (Thompson, 2015) . Thus, regulations to monitor and investigate the problem to minimize its impacts have been implemented (e.g. European Marine Strategy Framework Directive).
Microplastics present in the environment can be ingested by different types of organisms (Besseling et al., 2013; Fossi et al., 2012; Frias et al., 2014; Goldstein and Goodwin, 2013; Güven et al., 2017; Romeo et al., 2015; Rummel et al., 2016; de Sá et al., 2015) including species widely used in the human diet (Battaglia et al., 2016; Neves et al., 2015; Rochman et al., 2015; Silva-Cavalcanti et al., 2017) . Microplastics can induce toxic effects per se Oliveira et al., 2013) . They may also contain very hazardous chemicals that are introduced in organisms when microplastics are taken up potentially leading to increased accumulation of these substances in food webs (Batel et al., 2016; Setälä et al., 2014; Teuten et al., 2009 ). Thus, special concerns regarding top predators exist, especially because some of them are consumed by humans. In fish, microplastics have been found to cause several adverse effects, including decreased predatory performance, endocrine disruption, hepatic stress, intestinal alterations, oxidative stress, among others (de Sá et al., 2015; Ferreira et al., 2016; Oliveira et al., 2013; Pedà et al., 2016; Rochman et al., 2013) .
A complex problem associated to microplastics is their capability to sorb and interact in other ways with other common environmental contaminants, such as metals (Ashton et al., 2010; Holmes et al., 2012; Rochman et al., 2014a Rochman et al., ,2014b , pharmaceuticals (Wu et al., 2016) , and other contaminants (Rochman et al., 2013; Tosetto et al., 2016; Wang et al., 2015) . Therefore, microplastics can influence the fate of these substances in the environment and in organisms, as well as their toxicity. For example, microplastics have been found to influence the localization, biotransformation and/or toxicity of polycyclic aromatic hydrocarbons (PAHs) and polybrominated diphenyl ethers (PBDEs) in fish (Oliveira et al., 2013; Rochman et al., 2013) and in other organisms (Avio et al., 2015; Chua et al., 2014; Paul-Pont et al., 2016) , of pharmaceuticals and personal care products in fish Wardrop et al., 2016) , and of metals in fish (Khan et al., 2015; Luís et al., 2015) . However, more knowledge on such interactions in needed to assess the risks and increase the safety in the use and management of microplastics and other common environmental contaminants.
Estuaries and other coastal areas of industrial and urbanized impacted regions are considered microplastics hotspots (Gallagher et al., 2016; Isobe et al., 2015; Peters and Bratton, 2016) . Such ecosystems are also contaminated with a high number of other chemicals, including several ubiquitous pollutants. Among these, mercury raises special concern mainly because is very toxic at low concentrations and its organic forms, methylmercury in particular, are biomagnified in trophic webs, increasing the risk of exposure and toxic effects on top predators and humans consuming them (Atchison et al., 1987; Branco et al., 2004; Carvalho et al., 2008; Selin, 2009 ). In addition, because of its high degree of toxicity, mercury is among the priority pollutants considered under the United Nations Environment Programme (UNEP), United States Environmental Protection Agency (US EPA) and European Commission (EU).
To the best of our knowledge, the toxic effects resulting from the simultaneous exposure to microplastics and mercury through the water were not investigated before in fish. Thus, the goals of the present study were to investigate the short-term toxic effects of microplastics and mercury exposures, individually and in binary mixtures, on juveniles of the European seabass Dicentrarchus labrax (Linnaeus, 1758). D. labrax was selected as model species for this study mainly because it is a key species in several European estuaries and in other marine ecosystems, is used as food for humans being a very appreciated marine fish and therefore having a high commercial value, and recent studies have investigated the effects of microplastics in this species (e.g survival, growth and intestinal alterations) (Mazurais et al., 2015; Pedà et al., 2016) .
Material and methods

Chemicals
Fluorescence red polymer microspheres, 1-5 μm diameter (lot number: 4-0906-0661), purchased from Cospheric − Innovations in Microtechnology (USA), were used as microplastics model. According to the manufacturer, the particles are spherical, red opaque, 1.3 g/cc density, and can be detected by spectrofluorimetry (excitation wavelength of 575 nm and emission wavelength of 607 nm). Mercury chloride (≥ 99.5% pure, lot number: 031M0173 V) was purchased from Sigma-Aldrich (USA). The other chemicals used were all of the highest purity available and purchased from Sigma-Aldrich (USA) or Merck (Germany). The Bradford reagent used for protein determinations was from BIORAD (Germany).
Ethical issues
Experiments were conducted in accordance with ethical principles and other requirements of the Portuguese and European regulations for the protection of animals used for scientific purposes, including authorization of the Portuguese National Authority: "Direção Geral de Alimentação e Veterinária" (DGAV): 0421/000/000/2017, 014227, 31st May 2017. L. Guilhermino, L. R. Vieira and F. Carvalho are accredited by the DGAV as investigator/coordinator (equivalent to FELASA category C) to carry animal experimentation. The experiments were carried out in the CIIMAR bioterium that is accredited by DGAV for studies with aquatic animals.
Fish maintenance and acclimatization
Seabass juveniles were purchased from a saltwater fish aquaculture (Vigo, Spain) and acclimatized to laboratory conditions for 4 months. During this period, they were maintained in 2000 L tanks with aerated, biologically and UV-filtered seawater (salinity: 34 ± 1 g L −1 ), hereafter indicated as water. Partial water renewal was made every week and water abiotic parameters (temperature, conductivity, salinity, dissolved oxygen, pH, ammonia, nitrates, and nitrites) were periodically monitored. During this period, fish were fed with commercial fish food (Tetramin ® ). Fifteen days before the bioassay, fish were put in a room with control of temperature (19 ± 1°C) and photoperiod (14 h light: 10 h dark), with water temperature maintained at 18°C ± 1°C. Here, they were maintained in 5 L glass beakers (with 4 L of water), 1 animal per beaker, with continuous air supply. The water was changed every other day, the water parameters above mentioned were determined every day. Fish were fed ad libitum with commercial fish food (Tetramin ® ) and observed two times per day. No mortality was observed during the acclimatization period. Forty-eight hours before the start of the bioassay, fish were transferred to beakers with clean water and feeding was stopped.
Preliminary assay without fish
Prior to the bioassay, a preliminary assay without fish was carried out to investigate the behavior of mercury and microplastics in the water. Briefly, the assay was carried out for 96 h; photoperiod, water temperature and salinity were as indicated in Section 2. or the highest concentrations of tested substances during the assay (determined as indicated in Sections 2.7 and 2.8). The treatments containing the test substances (alone or in mixture) were prepared by diluting the appropriate volume of microplastics or/and mercury stock solutions (prepared in seawater) to obtain the desired final test concentration. Test beakers were 5 L glass beakers filled with 4 L of water, with continuous air supply and covered to prevent evaporation. Nine beakers were used per treatment and water was renewed each 24 h. Water samples for determination of microplastics and mercury concentrations were collected at the beginning and at the end of the bioassay, and at the time of water renewal in both clean and old water. Microplastics concentrations were determined immediately after sample collection (as described in Section 2.7), and samples for mercury analyses were kept at − 20°C.
Bioassay
The bioassay was conducted under the conditions of temperature and photoperiod indicated in Section 2.3, also used in the preliminary assay (section 2.4). Test media was water (as in sections 2.3 and 2.4). The exposure period was 96 h and no food was provided during the bioassay. Juvenile fish with a mean ( ± standard deviation − SD) of total length of 8.8 cm ( ± 0.295) and mean weight of 7.7 g ( ± 0.293) (determined at the end of the bioassay to avoid inducing extra stress to fish) were used. The experimental design included 9 treatments: 1 control (water only), 1 treatment containing a low microplastics concentration (MPs-L); 1 treatment containing a high microplastics concentration (MPs-H); 1 treatment containing a low mercury concentration (Hg-L); 1 treatment containing a high mercury concentration (Hg-H); and 4 binary mixtures containing microplastics and mercury simultaneously (MPs-L + Hg-L; MPs-L + Hg-H; MPs-H + Hg-L; MPs-H + Hg-H). The concentrations were the mean of mid-point actual concentrations in treatments containing the lowest and the highest concentrations during the bioassay (determined as indicated in Sections 2.7 and 2.8), namely: 0.010 mg/L and 0.016 mg/L of mercury, respectively; 0.26 mg/L and 0.69 mg/L of microplastics, respectively. The concentrations of microplastics were selected based on results of previous studies with microplastics of the same size (e.g. Luis et al., 2015; Ferreira et al., 2016; Fonte et al., 2016) and on the results of the preliminary assay. Moreover, because microplastics concentrations of 0.3 mg/L were reported in the North Pacific subtropical gyre (Goldstein et al., 2012) , the lowest concentration of microplastics tested (0.26 mg/ L) can be considered ecologically relevant, whereas the highest one was chosen to increase the possibility of detecting interactions between mercury and microplastics, if occurring, and does not intend to be ecologically relevant. In relation to mercury, the concentrations tested are ecologically relevant since mercury concentrations of 0.027 mg/L were found in the Mediterranean Sea water (Nasfi, 1995) . The treatments containing the test substances (alone or in mixture) were prepared by diluting the appropriate volume of microplastics or/and mercury stock solutions (prepared in seawater) to obtain the desired final test concentration. Fish were randomly distributed per treatments, 9 fish per treatment, and they were exposed individually (i.e., 1 fish per beaker) in 5 L glass beakers (with 4 L of water), with continuous additional air supply. All the beakers were sealed to prevent evaporation and other possible sources of bias. Water was renewed each 24 h to decrease the possibility of microplastics concentration reduction in the water. Abiotic water parameters were measured in the beginning and at the end of the bioassay, and at the time of water renewal, in both clean and old water. Water samples for determination of microplastics and mercury concentrations were collected in the beginning and at the end of the bioassay, and at the time of water renewal in both clean and old water. The concentrations of microplastics in water samples were determined immediately (as indicated in Section 2.7). Water samples for determination of and stored at − 20°C until further analyses (as indicated in Section 2.8). Microplastics concentrations were determined immediately (as indicated in Section 2.7). At the end of the exposure period, the swimming behavior endpoints were immediately determined for another study, fish were measured (total body length) and weighed, and put back in their original exposure beakers and left to rest for 2 h to stabilize metabolic rates, preventing interference with the biomarkers used as effect criteria (Almeida et al., 2010; Almeida et al., 2015) .
To investigate the effects of exposure to microplastics and/or mercury, a set of biomarkers, including enzymes involved in functions crucial for fish survival and performance and of oxidative damage, was employed: brain acetylcholinesterase (AChE) activity, muscle total cholinesterase (ChE) activity, brain lipid peroxidation (LPO) levels, muscle isocitrate dehydrogenase (IDH) activity, muscle lactate dehydrogenase (LDH) activity, muscle isocitrate dehydrogenase activity (IDH), and muscle LPO levels. Previous characterization of D. labrax cholinesterases in brain and muscle revealed that brain contains mainly AChE, whereas muscle has both AChE and pseudocholinesterase (Varò et al., 2003) . Thus, AChE activity was selected because it provides valuable information regarding neurotoxicity and muscle ChE activity because it provides indication of potential neuromuscular cholinergic disruption. LDH and IDH activities were selected because they have key roles in the anaerobic and aerobic pathways of cellular energy production, respectively, and IDH is also important to maintain the cellular redox balance. LPO levels were selected as marker of oxidative damage to lipids.
Fish were euthanized by decapitation under ice-cold induced anesthesia. No chemical anesthetics were used to avoid possible interactions with tested substances effects and/or interference with biomarker determinations. From each fish, the whole brain, five samples of dorsal muscle (with about 0.2 g each), the liver and the gills were isolated on ice. The liver and gills were frozen at − 80°C and used for another study. Brains were frozen individually at − 80°C. The 5 muscle samples were 1 for ChE activity determinations, 1 for LDH activity determinations, 1 for IDH activity determinations, 1 for LPO level analyses and 1 for mercury concentration determinations. All muscle samples were frozen separately at − 80°C until further analyses. The further preparation of the biological tissues for biomarker analyses was done as described in Almeida et al. (2010) . Briefly, in the day of biomarker analyses, samples of each fish were desfrozen on ice. The whole brain of each fish was homogenized in cold phosphate-buffer (0.1 M, pH = 7.2, Ystral GmbH d-7801, Germany) and centrifuged at 4°C (3300 g for 3 min) using a SIGMA 3 K 30 centrifuge (Germany). The supernatant was collected and divided into three samples: 1 for AChE determinations, 1 for brain LPO level analyses, and 1 for mercury concentration determinations). Samples for LDH determinations were frozen/desfrozen three times to disrupt the cell membrane and release the cytoplasmic enzyme. All samples for LDH and IDH were centrifuged at 4°C (3300 g for 3 min, SIGMA 3 K 30 centrifuge, Germany). The supernatant of each sample was carefully collected. The protein content of each sample was determined by the Bradford method (Bradford, 1976) adapted to microplate (Guilhermino et al., 1996) , using bovine γ-globulin as protein standard. Then, the protein content of samples for AChE and ChE determinations was standardized to 0.5 mg mL −1 , those of samples for IDH and LDH determinations to 1 mg/mL (Almeida et al., 2010) . AChE and ChE activities were determined by the Ellman's method (Ellman et al., 1961) adapted to microplate (Guilhermino et al., 1996) , using acethylthiocholine as substrate, and absorbance was read at 412 nm. IDH activity was determined according to Ellis and Goldberg (1971) adapted to microplate (Lima et al., 2007) , using reduced nicotinamide adenine dinucleotide phosphate (NADPH) as substrate and absorbance was read at 340 nm. LDH activity was determined according to the method of Vassault (1983) adapted to microplate (Diamantino et al., 2001) , using pyruvate as substrate and absorbance was read at 340 nm. After the enzymatic determinations, the protein of the samples used for enzymatic determinations was determined again and used to express the enzymatic activities as nano moles of substrate hydrolyzed per min per mg of protein (nmol/min/mg protein). LPO levels were determined according to the method of Ohkawa (1979) , by measuring (at 535 nm) the thiobarbituric acid reactive species (TBARS), and the values were expressed as nanomoles of TBARS per mg of protein (nmol TBARS/mg protein). All analyses were performed with a Spectramax ® spectrophotometer (Molecular Devices, USA).
Determination of microplastics concentrations in the water
The actual concentrations of microplastics in water were determined by spectrofluorometry, using 575 nm excitation and 607 nm emission wavelengths, according to the properties of the microplastics indicated by the manufacturer. The procedure described in Luis et al. (2015) was followed with minor adaptations to the type of particles and water used. Briefly, 3 independent colloidal solutions with a microplastics concentration of 12 mg/L were prepared in water. Each solution was serially diluted 1:2 (v/v) with water to obtain additional solutions with nominal microplastics concentrations between 0.024 mg/L and 12 mg/L. The solutions with concentrations between 0.094 and 1.5 mg/L were used for the calibration curve, obtained by plotting the fluorescence readings against the corresponding nominal microplastics concentrations after discounting the blank values. A positive and significant correlation (Pearson's correlation coefficient − r) was found (N = 15, r = 0.999, p = 0.000). A linear regression model was fitted to the data: concentration of microplastics (mg/L) = 0.08 + 0.012 x fluorescence (F units) (Supplementary Material, Figure S-1) . The actual microplastics concentration in water from different treatments of the bioassay were calculated from the calibration curve using the fluorescence readings made on clean and old water. The deviation (%) of microplastics actual concentrations in clean water relative to nominal ones was calculated as 100-(actual microplastics concentration x 100/ nominal concentration) . The potential decrease of microplastics concentrations in water along the interval of water renewal (24 h) was determined from the fluorescence readings of clean water (Cw) and old water (24 h) (Ow) as: decay (%) = 100-(Ow x 100/ Cw) . Because a considerable decay of microplastics concentrations in the water over 24 h was found (Supplementary Material, Table S-2), the mid-point of actual concentration at 0 h and 24 h per beaker was calculated and the total mean of mid-point concentrations in treatments containing each of the tested concentrations (i.e., low or high) were taken as the lowest and highest concentrations of the particles tested, respectively.
Determination of mercury concentrations in water and fish tissues, and bioaccumulation factors
Prior to mercury analyses, water samples containing microplastics were filtered with a nylon membrane syringe filter with a pore of 0.2 μm (Acrodisc ® ), for separation of aqueous solutions, and stored in
Teflon tubes. From all the other water samples, sub-samples were taken with a nylon membrane syringe. In the day of mercury analyses, brain samples were desfrozen, agitated individually for 1 min in a vortex mixer, and 0.100 mL were used for mercury analyses. In addition, muscle samples were defrozen and 0.30 mg of each sample was used for determination of mercury concentration. Mercury concentrations were determined by atomic absorption spectrometry (AAS) using a silicon UV diode detector (AMA-254, LECO, Czech Republic), after pyrolysis of each sample following the procedure described by Costley et al. (2000) . Samples were first dried at 120°C prior to combustion at 680-700°C in an oxygen atmosphere. The mercury vapor was collected in a gold amalgamator and after a predefined time (45 s) the gold amalgamator was heated at 900°C. The released mercury was transported to a heated cuvette (120°C) and then analyzed by AAS using a silicon UV diode detector. Procedural blanks were carried out between samples to avoid cross contamination. The accuracy of the analytical procedures was verified through the analysis of certified reference material (CRM), BCR 463 (mercury and methylmercury in tuna fish). In our analysis, the precision error, expressed as relative standard deviation of three replicate samples, was less than 5%. (Supplementary Material, Table S-1).
The potential decrease of mercury concentrations in the water of the assays during the interval of water renewal (24 h), hereafter indicated as mercury decay, was determined from the concentration of mercury in clean water (Cw) and old water (Ow) as: decay (%) = 100-(Ow x 100/Cw) . Because a considerable decay of mercury concentrations in the water over 24 h was found (Tables 1 and 2) , the mid-point of actual concentration at 0 h and 24 h per beaker was calculated and the total mean of mid-point concentrations in treatments containing the lowest and highest mercury concentrations were taken as the lowest and highest concentrations of the particles tested, respectively.
The mercury bioaccumulation factors (BAF) were determined in brain and muscle tissues according to Beldowska and Falkowska (2016) , as: BAF = mercury concentration in the tissue (ppm)/mercury concentration in the water (ppm). For BAF calculations, the mean of the mercury concentration of the 9 fish per treatment, and the mean of the mercury concentrations in the water per treatment were used (the concentration of mercury in the water of each treatment was calculated as the mean of mid-point mercury concentrations in clean and old water of the 9 beakers of the treatment).
Statistical analyses of data
All data sets were tested for normality (Shapiro-Wilk test) and homogeneity of variances (Levene's test) before the Analysis of Variance (ANOVA). Data transformations were performed when these assumptions were not fulfilled (Zar, 1999) . Then, for each parameter/ variable, different treatments were compared using one-way analysis of variance (ANOVA), two-way ANOVA with interaction (2-ANOVA) or three-way ANOVA with interactions (3-ANOVA) as appropriate. The Tukey's multicomparison post-hoc test was used to discriminate statistically significant treatments when ANOVA indicated significant differences among treatments. The SPSS statistical analysis package (version 24.0) was used for all the statistical analyses, and the significance level was 0.05.
Results
Preliminary assay
In the preliminary assay (beakers without fish) the deviation of the actual microplastics concentrations relative to nominal ones ranged from 1% to 10% (Supplementary Material, Table S-2). In clean water, significant differences of fluorescence among treatments with different concentrations of microplastics, no significant differences between treatments containing mercury or not, and no significant interaction between the two factors were found (2-ANOVA, concentrations of microplastics: F 2,79 = 475.727, p = 0.000; presence of mercury: F 1,79 = 0.879, p = 0.351; interaction: F 2,79 = 1.296, p = 0.258). The microplastics decay in the water after 24 h ranged from 25 to 38%.
The water concentrations of mercury in clean and old water are indicated in Table 1 . The decay of water mercury concentrations over 24 h ranged from 17% to 73% (Table 1) , being higher in the presence of microplastics (30-73%) than in the absence of these particles (17 − 21%). Moreover, the highest decay was found in beakers containing the highest concentration of microplastics (69 and 73%).
Bioassay
Actual concentrations of microplastics in the water
The actual concentrations of microplastics in the water at the beginning of the bioassay estimated from the linear model fitted to the microplastic calibration curve data show deviations from the nominal ones ranging from 1 to 15% (Supplementary Material, Table S-2). In clean water significant differences of fluorescence among treatments with different concentrations of microplastics, no significant differences between treatments containing mercury or not, and no significant interaction between the two factors were found (2-ANOVA, concentrations of microplastics: F 2,79 = 691.658, p = 0.000; presence of mercury: F 1,79 = 0.406, p = 0.526; interaction: F 2,79 = 0.600, p = 0.441). The decrease of microplastics concentrations in the water after 48 h of fish exposure ranged from 27% to 32%.
Water mercury over 24 h and accumulation of mercury in D. labrax
In the bioassay, the decay of water mercury concentrations over 24 h ranged from 68% to 91% (Table 2 ). The highest decay was found in beakers containing the highest concentration of microplastics (90 − 91%). The integrated analysis of the water mercury decay from the preliminary assay and the bioassay (3-ANOVA, fixed factors: mercury concentrations, microplastics concentrations, fish presence) indicated significant differences between the lowest and the highest concentrations of mercury (F 1,36 = 5.799, p = 0.021), significant differences among microplastics concentrations (F 2,36 = 709.647, p = 0.000), significant differences between beakers with and without fish (F 1,36 = 2343.375, p = 0.000), significant interaction between mercury concentrations and microplastics concentrations (F 2,36 = 3.438, p = 0.043), significant interaction between mercury concentrations and fish presence (F 1,36 = 17.441, p = 0.000), significant interaction between microplastics concentrations and fish (F 2,36 = 75.439, p = 0.000), and no significant interaction among the three fixed factors (F 2,36 = 0.735, p = 0.487). The decay of mercury concentrations significantly increased with the microplastics concentration (mean ± SD): no microplastics 45% ( ± 27%); 0.26 mg/L of microplastics 54% ( ± 25%); 0.69 mg/L of microplastics 81% ( ± 10%). The decay (mean ± SD) was significantly higher in the presence of fish (80 ± 9%) than in their absence (40 ± 23%).
Mercury was found in fish tissues at concentrations (mean ± SD) between 0.039 ± 0.019 μg/g and 0.079 ± 0.013 μg/g in the brain, and from 0.302 ± 0.065 μg/g to 0.501 ± 0.053 μg/g in the muscle (Table 2) . For both tissues, significant (p ≤ 0.05) differences among treatments with distinct microplastics concentrations, between treatments with different mercury concentrations, and significant (p ≤ 0.05) interaction between mercury and microplastics concentrations were found (Supplementary Material, Table S-3). Fish exposed to the highest mercury concentration had significantly higher mean concentrations of the metal in the brain and in the muscle than animals exposed to the lowest mercury concentration (Supplementary Material, Table S-3). Mercury BAF in the brain ranged from 4 to 7, whereas in the muscle ranged from 25 to 40 (Table 2) .
Effects of microplastics alone and in mixture with mercury on D. labrax
The effects of microplastics, mercury and their mixtures on D. labrax biomarkers are shown in Fig. 1 . Significant differences among treatments were found for brain AChE activity (F 8,72 = 16.017, p = 0.000), brain LPO levels (F 8,72 = 34.301, p = 0.000), muscle ChE activity (F 8,72 = 8.345 , p = 0.000), muscle LPO levels (F 8,72 = 17.866, p = 0.000), muscle LDH activity (F 8,72 = 13.666, p = 0.000) and L.G.A. Barboza et al. Aquatic Toxicology 195 (2018) [49] [50] [51] [52] [53] [54] [55] [56] [57] muscle IDH activity (F 8,72 = 13.692, p = 0.000). No significant differences between the control group and the treatment with the lowest concentration of microplastics alone were found (Fig. 1) . In relation to the control group, animals exposed to the highest concentration of microplastics had significant inhibition of brain AChE activity (50%, Fig. 1A ) and of muscle IDH activity (50%, Fig. 1F ), significant increase of LPO levels in the brain (2.2 fold, Fig. 1B ) and in the muscle (2.1 fold, Fig. 1D ), significant induction of LDH activity (1.6 fold, Fig. 1E ), and no significant alterations of muscle ChE activity (Fig. 1C) . Regarding mercury, no significant differences in muscle ChE activity between the control and the treatments containing mercury alone were found (Fig. 1C) . Relative to the control group, fish exposed to both treatments containing mercury alone had significant inhibition of brain AChE (62 − 74%, Fig. 1A) , and significant increase of brain LPO levels (3.1-3.3 fold, Fig. 1B ) and of muscle LDH activity (1.4 fold, Fig. 1E ). In addition, the lowest concentration of mercury caused significant inhibition of IDH activity (44%, Fig. 1F ), whereas the highest concentration of mercury alone caused increase of muscle LPO levels (3.8 fold, Fig. 1D ). In relation to the control group, all the mixtures caused significant inhibition of brain AChE activity (64-76%), and significant increase of LPO levels in both brain (2.9-3.4 fold) and muscle (2.2-2.9 fold) but not concentration-dependently; both mixtures containing the lowest concentration of microplastics significantly increased LDH activity (1.7-1.9 fold), whereas the other two mixtures did not; the mixture containing the lowest concentration of microplastics and the highest concentration of mercury significantly inhibited muscle ChE activity; and mixtures containing the highest microplastics concentration significantly inhibited muscle IDH activity, whereas the two mixtures with the lowest concentration of microplastics did not. Moreover, the results of the integrated analysis of data indicated a significant interaction between microplastics and mercury for brain AChE activity, brain LPO levels, muscle ChE activity, muscle LDH activity, muscle IDH activity, and muscle LPO levels (Supplementary Material, Table S-4).
Discussion
Behaviour of microplastics and mercury in the water
The results of 2-ANOVA with interaction in the preliminary assay and in the bioassay indicate that the spectrofluorometric method used was able to discriminate the lowest concentration of microplastics from the highest one, and that the presence of mercury does not interfere significantly with fluorescence readings. Thus, the method was adequate to determine the concentrations of microplastics in the water in the presence of mercury, as found previously in other test media and in the presence of other chemical substances Fonte et al., 2016; Luís et al., 2015) . Since in clean media the deviation of actual concentrations of microplastics from nominal ones ranged from 1% to 15% (Supplementary Material, Table S-2), the actual concentrations of microplastics did not differ significantly from the nominal ones (OECD, 2014) at the beginning of the bioassay. However, a considerable decay of microplastics concentrations over 24 h occurred, which may have been due adsorption to glass beaker walls, aggregation of the particles followed by sedimentation among others, as suggested in previous studies with comparable microplastics in artificial saltwater Luis et al., 2015) . Moreover, in beakers with fish the uptake of microplastics by animals may also have also occurred.
The increase of mercury decay at increasing concentrations of microplastics (Tables 1 and 2 ) and the significant interaction between mercury and microplastics (Tables 1 and 2 , 3-ANOVA results) suggest that mercury sorbs to microplastics, as found for other metals (Ashton et al., 2010; Holmes et al., 2012 Holmes et al., , 2014 Rochman et al., 2014a Rochman et al., ,2014b . The significant interaction between microplastics and fish presence suggests that both factors acting together influence the mercury decay. One hypothesis for this to occur is that fish take up microplastics containing mercury from the water.
Bioaccumulation of mercury in D. labrax
The results of Table 2 indicate that fish take up mercury from water and that it reaches the brain and muscles. Mercury accumulated more in the muscle than in the brain (Table 2) . Moreover, the analyses of mercury concentrations in the brain and in the muscle in relation to microplastics concentration in the water (Supplementary Material, Table S-3) indicate that microplastics influence the mercury concentration in brain and muscle of fish. These findings increase the concern regarding the health of fish inhabiting ecosystems contaminated with relatively high concentrations of both microplastics and mercury, and the risks to their predators including humans consuming contaminated species, as found in previous studies with microplastics and other substances Paul-Pont et al., 2016; Rochman et al., 2014a Rochman et al., ,2014b Wardrop et al., 2016) .
Neurotoxicity responses, oxidative damage and changes in the activity of energy-related enzymes
The significant inhibition of brain AChE caused by the highest concentration of microplastics alone (Fig. 1A) indicates neurotoxicity, in good agreement with previous studies in other species (Avio et al., 2015; Luís et al., 2015; Oliveira et al., 2013; Ribeiro et al., 2017) . The lack of inhibition of the enzyme at 0.26 mg/L and the high inhibition (50%) at 0.77 mg/L of microplastics suggests a relationship that is not concentration-dependent in good agreement with previous studies on other fish (Oliveira et al., 2013) . This may have occurred because the inhibition is caused by indirect effects (Oliveira et al., 2013) or because the anti-cholinesterase effects start to be induced at concentrations higher than 0.26 mg/L. The increase of brain LPO levels induced by microplastics (Fig. 1B) indicates that these particles cause oxidative stress and lipid damage. Thus, microplastics cause neurotoxicity in D. labrax juveniles through AChE inhibition and lipid peroxidation damage. Microplastics-induced lipid peroxidation was also found in the muscle (Fig. 1D) . Moreover, microplastics also caused induction of LDH suggesting increased use of the anaerobic pathway of energy production likely to get additional energy to face chemical stress. The increase of this pathway under chemical stress has been observed in several organisms exposed to other environmental contaminants (Firat et al., 2011; Oliveira et al., 2012) . The inhibition of IDH activity caused by microplastics may have contributed to oxidative stress and damage of muscle because this enzyme is important to the maintenance of cellular redox balance.
The inhibition of brain AChE caused by mercury alone (62 − 74%, Fig. 1A ) indicates neurotoxicity. Mercury-induced ChE inhibition was also found in other fish (Jesus et al., 2013; Richetti et al., 2011; Vieira et al., 2009) . Mercury alone also caused lipid peroxidation in brain and muscle, in good agreement with the well-known oxidative stress and damage caused by this metal (Elbaz et al., 2010; Seppänen et al., 2004) . The increase of LDH activity suggests induction of the anaerobic pathway of energy production, as previously found in other organisms exposed to mercury (Radhakrishnaiah et al., 1993; Vieira et al., 2009) . However, to understand potential changes in pathways of energy production other parameters, such as citrate synthase (CS) and cytochrome c oxidase (COX), need to be studied.
All mixtures caused neurotoxicity through AChE inhibition and lipid peroxidation, and also lipid peroxidation in the muscle. The results of AChE, IDH and LDH activity, and LPO levels in brain and muscle (Fig. 1) , and the significant interaction between microplastics and mercury in all the biomarkers (Supplementary Material, Table S-4) suggest toxicological interactions between microplastics and mercury in D. labrax juveniles. Mixtures containing the highest concentration of microplastics caused some effects different from those caused by mixtures containing the lowest concentration of these particles. In fact, mixtures with the highest concentration of microplastics inhibited IDH activity and had no significant effects on LDH activity, whereas the opposite was found for mixtures with the lowest microplastics concentration. Effects different at low and highest concentrations of mixture components were reported in other organisms exposed to distinct types of mixtures (Juhel et al., 2017) .
Conclusions
After 96 h of exposure to mercury through the water, D. labrax juveniles accumulated the metal in the brain and in the muscle, with BAF of 4 − 7 and 25 − 40, respectively. Microplastics likely sorbed mercury from the water and influenced the bioaccumulation of mercury in fish tissues. Microplastics alone and mercury alone caused neurotoxicity, lipid peroxidation in brain and muscle, and changed the activity of energy-related enzymes (LDH and IDH). Overall, microplastics-mercury mixtures caused effects on the same biomarkers but evidence of toxicological interactions was found. Moreover, mixtures containing low and high concentrations of microplastics caused different effects on IDH and LDH activity. Therefore, the findings of this study highlight the importance of further investigating the combined effects of microplastics and mercury in D. labrax and other aquatic species, especially those used for human consumption, since these substances are ubiquitous pollutants and their combined effects may adversely affect wild populations, ecosystem functions, and human health. 
